The temporal congruence between real and imagined movements is not always preserved after stroke. We investigated the dependence of temporal incongruence on the side of the hemispheric lesion and its link with working memory deficits. Thirtyseven persons with a chronic stroke after a right or left hemispheric lesion (RHL : n = 19; LHL : n = 18) and 32 age-matched healthy persons (CTL) were administered a motor imagery questionnaire, mental chronometry and working memory tests. In contrast to persons in the CTL group and LHL subgroup, persons with a RHL had longer movement times during the imagination than the physical execution of stepping movements on both sides, indicating a reduced ability to predict movement duration (temporal incongruence). While motor imagery vividness was good in both subgroups, the RHL group had greater visuospatial working memory deficits. The bilateral slowing of stepping movements in the RHL group indicates that temporal congruence during motor imagery is impaired after a right hemispheric stroke and is also associated with greater visuospatial working memory deficits. Findings emphasize the need to use mental chronometry to control for movement representation during motor imagery training and may indicate that mental practice through motor imagery will have limitations in patients with a right hemispheric stroke.
Introduction
Motor imagery, which is the imagining of actions without their execution, can be defined as an active process during which the representation of a specific action is internally reproduced within working memory without any overt output [1] . The rationale for using motor imagery in the rehabilitation of motor impairments likely arises from the functional correlates that motor imagery shares with the execution of physical movement. For instance, the duration of imagined movements correlates with the duration of real movements [2, 3] , simulation of movements evokes similar autonomic responses [4, 5] , and, more importantly, the imagination of an action engages largely similar neural networks as its physical execution, notably motor and premotor areas and parietal cortices [6] [7] [8] . These observations suggest that real and covert movements during motor imagery obey similar principles and share similar mechanisms.
Temporal characteristics of motor imagery have been extensively studied with mental chronometry in healthy individuals [9] . Studies that examined the temporal relationship between the physical execution of a motor task (i.e., writing, walking, pointing, stepping) and the imagination of the same task (mental chronometry) have found that the imagination and execution times are generally similar (temporal congruence or functional equivalence). In addition, it has been shown that Fitt's law, which states that more difficult movements take more time to produce physically than easier ones, applies also to imagined movements [3] indicating that the timing of movements, either performed physically or imagined, is subject to common laws and principles [10] . For this reason, mental chronometry has been used by many to examine the effects of brain lesions on the temporal organization of motor imagery [11] [12] [13] [14] [15] [16] , to assess MI ability [9, 17, 18] and to control whether patients are engaged in mental rehearsal during mental practice [19] .
Stroke Research and Treatment
While some studies have shown that, following a unilateral lesion of the motor cortex, movements are slower on the affected limbs during both the physical execution and mental simulation of the same movement confirming temporal congruence [11, 12] , others have reported that patients with lesions restricted to the superior regions of the parietal cortex could not predict through mental imagery the time necessary to perform various finger movements and visually guided pointing gestures, suggesting that the parietal cortex is important for the ability to generate mental movement representations [13] . More recently, temporal incongruence has been described following stroke during motor imagery of upper limb [14] [15] [16] and lower limb [14] movements. In these studies, in contrast to control subjects, patients showed simulation times that were longer than real movement times (overestimation of movement duration) indicative of a slowing of the motor imagery process, especially in persons with right hemispheric (RH) strokes [15, 16] . In the six patients with RH stroke showing a slowing of motor imagery, the corticomotor excitability, as measured with transcranial magnetic stimulation, was not increased during imagery conditions [16] suggesting that facilitation of motor cortex excitability during motor imagery depends on input from regions of the right hemisphere which can be disrupted by right hemispheric stroke.
Because in prior studies limb dominance of the patients was not controlled [14] [15] [16] and the number of patients with a right and a left hemispheric lesion was small [15, 16] or uneven [14] , no definite conclusion can be drawn as to the impact of the lesion side on temporal incongruence between real and imagined movements. The present study sought to extend these prior findings in a larger sample of patients with right and left hemispheric stroke having similar limb dominance. In addition, since motor imagery is an active process during which the representation of a specific action is internally reproduced within working memory [1] and given the role of the right cerebral hemisphere in image generation [20] and visuospatial working memory [21, 22] , we also examined whether lesion side had an impact on visuospatial working memory performance. It was hypothesized that right hemispheric lesions (RHLs) would be associated with both a slowing of motor imagery and greater visuospatial working memory deficits. The aims of this study were to determine whether the slowing of motor imagery after stroke is linked to the side of the cerebral lesion and, further, if it is associated with an impairment of visuospatial short-term memory.
Methods

Participants and Design.
The study included a group of 37 persons who sustained a cortical or a subcortical lesion (CVA group) of the right (n = 19) or the left (n = 18) hemisphere and a group of 32 age-matched healthy individuals (CTL group). To be included in the CVA group, subjects had to present a hemiparesis consecutive to a stroke and be right handed. The patients with the following conditions were excluded: (1) lesions in the cerebellum or midbrain (MRI or CT scan); (2) severe aphasia, based on the clinical evaluation of the speech therapist; (3) severe perceptual problems (i.e., hemineglect) discerned by clinical tests performed by the treating occupational therapist and severe cognitive impairments determined by the neuropsychologist evaluation; (4) other neurological conditions (i.e., Parkinson's disease, dementia). To be included in the CTL group subjects had to be between 35 and 80 years old, without physical or cognitive impairments. All subjects gave informed, written consent for their participation in the study and the protocol was approved by the Ethics Committee of the Rehabilitation Institute where the study took place.
Assessment Procedures.
Prior to the administration of the chronometric tests, the hand and leg dominance were assessed using reliable measures of hand and foot preference [23, 24] . Prior to formal chronometric testing, motor imagery vividness was assessed using the Kinesthetic and Visual Imagery Questionnaire, a reliable and valid assessment tool for persons with physical disability [17, 25] . This was followed by a chronometric test that compares the movement times during the imagination and execution of the stepping task [17, 18] . In this stepping task the subject is seated rather than standing [14] because stepping movements in sitting are easier for persons with severe motor and balance impairments. This stepping task in sitting involves hip flexion to lift the foot off the floor and knee extension-flexion to place the foot on the target and then to return it to the starting position. Thus, subjects sitting on a chair with a backrest with both feet resting on the floor were asked to imagine (I) and then execute physically (E) two series of five stepping movements. The movements consisted of placing one foot forward onto a board (target) and then returning it to the floor. The board (41 cm wide × 26 cm long × 2 cm high) was placed transversely about 5 cm in front of the feet. The test-retest reliability of this chronometric test has been confirmed in 20 persons with stroke and 46 age-matched healthy controls [18] . During testing, subjects were required to close their eyes and to verbally signal each time they imagined touching the target. To promote motor imagery (internal perspective or firstperson perspective), they were instructed to see and feel moving their leg from the inside (i.e., as if they were really doing it and not watching from the outside like looking in a mirror) until the examiner told them to stop. Two series of five stepping movements were carried out with each leg. The imagination condition was presented first to minimize the possibility that the subject was influenced by the duration of the real movement or used a counting strategy. The same procedure was repeated for the second series. Each series and each condition (imagination and execution) were separated by a 30 s rest period. Prior to formal testing, there was a demonstration of the task and a practice run (physical and mental).
Three domains of working memory were assessed: visuospatial, verbal, and kinesthetic. We used a standardized procedure [26] that has been widely used with persons with brain injury [27] . The examiner presents a series of items and asks the subject to reproduce it immediately in the same order. For each domain, items are taken randomly from a Stroke Research and Treatment 3 limited pool of items and are presented sequentially. For each type of material, 5 lists of 2 items were first presented. If the subject could reproduce correctly 3 of the 5 lists, the list length was increased by 1 item otherwise, testing was interrupted. The verbal stimuli were taken from a set of 9 frequent and imaginable monosyllabic words presented in the auditory modality [28] . In the visuospatial condition, the examiner tapped on a series of 9 blocks (Corsi block-tapping task) presented in a random arrangement in front of the subjects. The subject was asked to reproduce the sequence by tapping on the same blocks [29, 30] . In the kinesthetic condition, the same standardized procedure was used as previously but the stimuli were constructed to test working memory for movement [31, 32] . The examiner produced passively a series of gestures, and the subject (blindfold) was asked to reproduce them. The gestures involved unilateral and bilateral lower-limb movements as well as movements involving the trunk and the upper and lower limbs.
Data Analysis.
The mean duration of the two series of five movement repetitions was averaged for each limb and each condition. Imagination/execution (I/E) time ratios were calculated to quantify the temporal congruence between the two conditions. For working memory tests, the number of sequences and the number of items correctly recalled were converted to percent of maximal possible score and the percent score of the two parameters was averaged [31, 32] . To quantify the degree of temporal coupling (I/E) time ratios were computed [17, 18] .
The age among groups was compared with the paired Student's t-test. Because the time after stroke was longer in the RHL subgroup than the LHL subgroup, an analysis of covariance taking into account the time after stroke was carried out with 2 within-subjects factors (limb side and condition) and one between-subjects factors (side of hemispheric lesion). Since there was no significant time interaction, further analyses using analysis of variance (ANOVA) for repeated measures were carried out. For each group (CTL and CVA), an ANOVA for repeated measures for two within-subjects factors: limb side (affected and unaffected) and condition (physical execution and mental simulation), followed by the post hoc Bonferroni procedure was carried out to examine whether temporal congruence was preserved. Then, to determine the effect of the side of the hemispheric lesion on temporal congruence, an ANOVA with repeated measures for two within-subjects factors: limb side (affected and unaffected) and condition (physical execution and mental simulation), and one between-subjects factors (left and right hemispheric lesion) followed by the post hoc Bonferroni procedure were conducted. To establish whether the degree of temporal congruence was comparable after an RHL and LHL, a similar analysis was carried out on the I/E time ratios. Impairment of working memory ability was examined for each dimension between groups (CTL, RHL, LHL) with a one-way ANOVA. The relationship between imagination and execution times was studied with the r Pearson product-moment correlation. The statistical level of significance was set at 0.05. Statistical tests were performed with SPSS 11.0 for Windows.
Results
Subject characteristics are reported in Table 1 . When available in the medical chart, results from four clinical tests (Timed-Up and Go, gait speed, Fugl-Meyer Sensorimotor Assessment, Balance Scale) are provided to give additional information about motor disability. There were no significant differences between groups for all variables except for the time after stroke which was significantly longer (P = .01) in the subgroup of patients with an RHL; however, both groups were in a chronic stage (1 and 2 years after stroke). The visual motor imagery subscores were greater than corresponding kinesthetic imagery scores in all groups (P = .004) except in the RHL subgroup that did not show the usual visual motor imagery dominance. The cerebrovascular accidents (CVAs) induced unilateral lesions (cortical and/or subcortical) that were confirmed by CT or MRI scans. The lesions were located in the left (n = 18) or the right (n = 19) hemisphere resulting in paresis of the contralateral side of the body ( Table 2 ). All patients had right-hand dominance, and all but one patient in each group (Table 2 : subject 18R and subject 4L) had right-foot dominance.
Results from the ANOVAs carried out for each group separately (Figure 1(a) , left panel) showed that, in the CTL group, there was no significant difference in the movement times between limb side (F (1, 31) = .015; P = .903) and condition (F (1,31) = 2.249; P = .144) and no interaction (F (1, 31) = .077; P = .783) between limb side and condition indicating a temporal coupling between imagination and execution conditions for both limbs. The temporal congruence between conditions is reflected by I/E time ratios near 1 in the dominant and nondominant limb sides, respectively (mean: 1.09 and 1.10) (Figure 1(a) , right panel). In contrast, in the CVA group (RHL and LHL: n = 37) movement times were longer on the affected side than on the unaffected limb side (limb side effect: F (1,36) = 10.6; P = .002), and a significant effect of condition was also observed (F (1,36) = 22.3; P = .0001) with longer movement times during the imagined condition than the execution condition, but there was no limb side x condition interaction (F (1, 36) = .660; P = .44) (Figure 1(b) , left panel). These findings imply that movements are slower on the affected limb side and that for both limbs they are slower during the imagination condition compared to the execution condition indicating a temporal uncoupling between imagination and execution conditions on both limb sides. The degree of temporal uncoupling is reflected in high I/E time ratios on both the affected (mean: 1.23 and 1.34) and unaffected limbs, respectively, indicating that subjects overestimated by 23% and 34% the duration of stepping during the imagination condition (Figure 1(b) right  panel) .
To determine whether temporal uncoupling was linked to the side of the hemispheric lesion, further analyses comparing the subgroups of patients were carried out. The mean (SD) movement durations are illustrated for each limb side and condition in Figure 2 Post hoc analyses indicated that, in contrast to the LHL subgroup, in the RHL subgroup the movement times on both the affected and unaffected limb sides were longer during imagination (P = .0001) than during execution, reflecting a bilateral temporal uncoupling. The degree of temporal uncoupling as revealed by I/E time ratios are illustrated in Figure 2 (b). Results from the ANOVAs revealed a significant group (F (1,35) = 6.99; P = .01) and limb side effect (F (1,35) = 4.04; P = .05) but no interaction (F (1, 35) = .108; P = .744). The findings also indicate that I/E time ratios in the RHL subgroup on both the affected limb (1.37; P = .01) and the unaffected limb (1.50; P = .01) were higher than corresponding I/E time ratios in the LHL subgroup (1.09 and 1.12). Thus, subjects with an RHL were overestimated by 37% and 50% the duration of stepping movements during the imagination condition, compared to 9% and 12% in the LHL group. Figure 3 provides individual I/E time ratios for each subgroup arranged in an ascending order (subject numbers do not match those in Table 2 ) and the graphs illustrate the variability between patients. In each subgroup, some take more time to imagine than to execute stepping (ratio above 1 = overestimation) others take less time (ratio below 1 = underestimation). Note that while in the LHL subgroup, I/E time ratios on affected and unaffected limb sides were generally similar and were close to 1, those in the RHL subgroup tended to differ more between limb sides with several values above 1.5. The latter difference between limb sides is reflected in the correlation coefficients of r = .86 and r = .56 computed between I/E ratios of the affected and unaffected limbs in the LHL and RHL subgroups, respectively. Figure 4 illustrates the mean (1SD) visuospatial, kinesthetic, and verbal working memory performance for the subgroups of patients with a left (LHL) and a right (RHL) hemispheric lesion and for the control subjects (CTL). Results from the ANOVA indicate a significant decrease in performance for the visuospatial domain after an RHL (P = .006) and a significant decrease in the kinesthetic domain after an LHL (P = .006), while both subgroups had a significant deficit in the verbal domain (LHL: P = .000 and RHL: P = .002). A near significant (P = .06) correlation was found between visual working memory and the I/E time ratio for the unaffected leg (r = .25) for the whole group (n = 37); when individually examined, however, the correlation was stronger (r = .35) in the RHL subgroup than the LHL subgroup (r = .20) but did not reach statistical significance.
Discussion
The results indicate that patients with an RHL demonstrated temporal incongruence between real and imagined stepping movements. In contrast to CTL individuals and patients with an LHL, in the RHL group the imagination times during the imagination of stepping movements on the affected and unaffected side were, respectively, 37% and 50% longer than execution times (overestimation) indicating a bilateral slowing of motor imagery. Our findings concur with previous findings [15, 16] describing similar temporal incongruence for upper limb movements in a smaller sample of persons with RHL and thus extend the notion of a temporal deficit of motor imagery to movements of the lower limbs.
With the computation of I/E time ratios it is possible to measure the level and direction (over-or underestimation of imagined movement times) of temporal incongruence which varies between subjects within each group. It is of note that more patients in the RHL group had high ratios above 1 ( Figure 3 and Table 2 ). As shown in Table 2 , the cerebral lesions were quite extensive and involved similar regions in both groups, thus making it difficult to associate temporal incongruence with specific regions. However, note that I/E time ratios were highest in RHL patients with lesions located in the middle cerebral artery (MCA) territory. Conversely, MCA territory lesions in the LHL group yielded low I/E time ratios suggesting that lesions of the MCA territory in the right hemisphere damage areas critical to processes underlying motor imagery. For instance, the extensive lesions may have damaged regions of the RH involved in time-keeping mechanisms. Indeed, Harrington et al. [33] found that durationperception deficits (overestimation) after RHL were associated with lesions in the premotor and prefrontal cortex known to be critical for working memory (Brodmann areas 6, 8, 9, and 46), and lesions in the inferior parietal cortex essential for movement representation. They also found that, despite the similarity between the RHL and LHL subgroups in lesion loci and size, only RHLs were associated with a disruption in time discriminations [33] .
Their results implicate a right hemisphere prefrontal-inferior parietal network in timing and suggest that time-dependent attention and working memory functions may contribute to temporal perception deficits observed after damage to this network [33, 34] . Likewise, the impairment of visuospatial working memory to a greater extent in the RHL could also have resulted from additional damage to the RH which is important for maintaining spatial information over time during motor imagery [21, 22] . Although the visuospatial working memory deficit was greater in the RHL than the LHL subgroup, we could not establish a strong correlation between the level of temporal incongruence as measured by I/E time ratios and working memory deficit. Thus, further studies with a larger sample or a sample with a greater range of deficits would be needed to confirm the link between these factors.
Other examples of motor imagery deficits associated with RHL come from studies in children with cerebral palsy (CP). The study comparing motor imagery accuracy (hand rotation task) in children with congenital hemiplegia [35] showed that children with an RHL were a little slower and less accurate in a hand rotation task compared to those with an LHL and that this deficit was also correlated with the functional level as measured by the Vineland Adaptive Behavior Scales. Lastly, findings from a recent case study of a young boy with CP affecting the left side of his body provide evidence that children with CP have deficits in tasks involving visuospatial working memory and imagery ability [36] supporting the notion that visuospatial working memory is interconnected with the generation and maintenance of mental images [37] [38] [39] . The question arises as to the clinical significance of the slowing of motor imagery after RHL. It does not necessarily imply that patients with an RHL are unable to engage in motor imagery, but it does put into question the interpretation of mental chronometry outcomes. In fact, depending on the motor task or the context of mental practice, the duration of simulated movements can be overestimated (longer duration) or underestimated (shorter duration) even in normal subjects [9] . This means that it is essential to have comparative data from healthy subjects (especially for complex tasks) to control for these normal temporal variations. In the present study, normal subjects demonstrated temporal congruence for stepping movements, concurring with earlier findings for simple or highly automatic movements such as walking and grasping [9] . However, imagination times have been shown to increase up to 30% with task difficulty in healthy individuals [2, 9, 10] . Based on these observations, the overestimation of duration during imagined stepping after an RHL could indicate that the simulation of a simple motor task becomes more demanding after an RHL. In fact, although both subgroups had a good level of motor imagery vividness, the RHL group did not show the usual visual motor imagery dominance likely indicating that the generation of vivid images of the task was not as successful.
Mental chronometry is a simple tool that should be used on a regular basis to monitor the capacity of patients to reproduce mental tasks during motor imagery practice, especially for complex tasks with several sequences of movements such as activities of daily living (i.e., reaching for a glass and drinking, use of utensils, combing hair, eating, turning pages). This is important because in a recent study it was found that the imagination times could be 2 to 3 times shorter than execution times suggesting that the patients were not successfully engaged in mental rehearsal or did not understand the instructions [40] . Such underestimation of simulated movements may indicate some difficulty in representing mentally the task accurately as this has been documented in less experienced athletes for more complex tasks (i.e., skydiving and springboard diving), or when they rehearsed only one phase of complex movements [41, 42] . Thus, temporal incongruence should alert us as to whether a person has problems in movement representation or to comply with the instructions. It is also important to take into account the factors (i.e., task, context, experience) that normally influence temporal congruence. Lastly, based on present results severe temporal incongruence may indicate that the use of mental practice through motor imagery will have limitations in patients with a right hemisphere stroke.
In comparison to the control group, both subgroups of patients showed a decline in verbal working memory which should not be surprising since imaging studies [43, 44] have demonstrated that bilateral parietal regions are engaged when verbal information has to be recalled from shortterm memory [45] . On the other hand, the greater working memory deficit in the kinesthetic domain found after LHL is in keeping with the role of the left hemisphere in short-term maintenance of kinesthetic information [46] . Present findings are limited to adults with subacute and chronic ischemic strokes not involving the cerebellum or midbrain and without severe complications such as aphasia, neglect, or apraxia. Moreover, the findings cannot be extrapolated to more complex motor tasks or tasks involving the upper extremities. Also, there was one control subject ten years younger than the youngest patient. However, because the mean and median values were very close in both groups, it should not have too great an impact on the outcomes, especially since the main findings were based on comparisons made between subgroups of patients with similar age range, mean and median values. Another potential limitation is that the two groups of patients were not matched for stroke location and that the lesions were not focalized as in the Harrington et al. study [33] . Lastly, the time since stroke in the RHL subgroup was longer than in the LHL; however, statistical analysis with time after stroke as a covariable did not reveal a significant effect on movement duration and thus time after lesion should not have affected present findings, especially since both groups were in a chronic stage (mean: 12 and mean: 24 months).
Conclusion
Although motor imagery vividness is preserved after RHL, patients take more time to imagine than to execute physically stepping movements, indicating that the temporal congruence between real and imagined movement is not maintained. In addition, visuospatial working memory deficits were greater after an RHL than an LHL. Based on the analysis of lesion location and corresponding level of temporal incongruence, it is likely that extensive lesions in the RHL have damaged areas critical to processes underlying motor imagery. Mental chronometry is a simple method easy to use on a regular basis to monitor the capacity of patients to reproduce mentally motor tasks during mental practice. Temporal differences between real and imagined movement times for simple stepping movements, as evidenced here after an RHL, underline the need to use mental chronometry to control for possible temporal aberrations, especially during more complex tasks [41, 42] .
